n+ . Here we report on the tetraruthenium complex [{(P i Pr 3 ) 2 (CO)ClRu} 4 {µ 4 -(CHdCHC 6 H 4 )} 4 -(CdC)}] (1), which features the tetrakis(4-styryl)ethene (TSTE 4-) ligand (Chart 1). Complex 1 was prepared as outlined in Scheme 1. 6 Treatment of the alkyne (HCtCC 6 H 4 ) 4 (CdC) 7, 8 with 4.08 equiv of [HRu(CO)Cl(P i Pr 3 ) 2 ] gave 1 as a deep orange-red solid in 85% yield.
1 H NMR spectroscopy shows the presence of four equivalent vinyl groups with signals at δ 8.42 (H R ) and 5.90 (H ) that display well-resolved H-H and P-H couplings of 13.4 and 0.9 Hz ( 2 J P-H ) and 2.1 Hz ( 3 J P-H ), respectively, and two signals of an AB system at δ 6.77 and 6.71 ppm for the p-phenylene groups. In 13 C NMR spectra the resonance signals of the ruthenium-bonded vinyl groups appear at 150.8 (C R ) and 134.8 ppm (C ), again with well-resolved coupling to two equivalent phosphorus nuclei each. The central ethylene carbon atoms are observed at 139.8 ppm, while the phosphorus nuclei give rise to a sharp singlet at δ 38.3 ppm in 31 P{ 1 H} NMR spectroscopy (see Figure S1 , Supporting Information).
The low ν(CO) value of 1909 cm -1 and the low oxidation potentials of 1 attest to its electron-rich character. Cyclic voltammetry of 1 shows two reversible couples at -0.020 and +0.415 V vs the ferrocene/ferrocenium standard (see Figure   * To whom correspondence should be addressed. E-mail: rainer.winter@ chemie.uni-regensburg. S2, Supporting Information). Comparison of the slopes of i vs t 1/2 plots in chronoamperometry and of the step heights in steady-state voltammetry to those of decamethylferrocene according to the method of Baranski 9 established that each anodic couple involves the transfer of two electrons. The peakto-peak separations, particularly of the first couple, are notably smaller than that of decamethylferrocene under identical conditions. This signals that there is only a small splitting between the first and the second oxidations underlying the first wave and between the third and the fourth oxidations that give rise to the second wave. Similar behavior has been noted for metalfree tetrakis(4-dimethylaminophenyl)ethene.
10 Half-wave potentials as determined by digital simulation 11 are -0.028
, and 0.434 V (3+ f 4+), from which comproportionation constants K c,1 ) 1.8 ( 0.2, K c,2 ) (9.6 ( 0.8) × 10 6 , and K c,3 ) 3.8 ( 0.6 are calculated (eqs 1-4).
Stepwise oxidation inside a thin-layer electrolysis cell induced a blue shift of the CO band of 1 during the conversion of the neutral form to the dication 1 2+ and its further conversion to fully oxidized 1 4+ (Figure 1 ). There is only one CO band for 1 (ν (CO) 1909 cm -1 ) and 1 4+ (ν (CO) 1968 cm -1 ) but a broad asymmetric band for 1 2+ . According to spectral deconvolution this band results from overlapping individual absorptions at 1924 and 1942 cm -1 (Supporting Information, Figure S3 ). Any combination of two out of the three pathways of electron delocalization in such systems (diagonal, lateral, or cross conjugation,; see Chart S1 of the Supporting Information) would render each of the four styryl ruthenium moieties equivalent. 7, 12, 13 The presence of two pairs of electronically different carbonyl ruthenium moieties in 1 2+ thus signals that only one of these pathways is effective on the fast IR time scale of about 10 -12 s. The overall CO band shift of 57 cm -1 between neutral 1 and fully oxidized 1 4+ is significantly smaller than that of ca. 130-150 cm
that would be expected of a metal-centered oxidation process and that of 81 cm
14 where also one electron per vinyl ruthenium moiety is released. This is a consequence of the more extended π-chromophore of 1, which leads to an exceptionally strong ligand contribution to the redox orbitals.
The comproportionation constant of one-electron-oxidized 1 + , while small at K c,1 ) 1.8 ( 0.2, is still large enough to allow for its detection by ESR spectroscopy. The room-temperature ESR spectrum (Supporting Information, Figure S4 ) consists of an unresolved isotropic signal at g ) 2.0157. When the temperature is lowered to 110 K, a rhombic splitting of the g tensor is observed with individual g tensor components g x ) 2.072, g y ) 2.034, and g z ) 2.014 (〈g av 〉 ) 2.040, ∆g ) 0.058). This characterizes 1 + as a metal-stabilized but mainly ligandcentered paramagnetic species, as is also the case for other vinyl ruthenium complexes with π-conjugated substituents attached to the vinyl group. [14] [15] [16] In the electronic spectrum of 1 the bands of parent tetrakis(4-ethynylphenyl)ethene 8 are preserved but undergo a bathochromic shift of 8100 and 4100 cm , respectively (Supporting Information, Figure S5 ). This goes along with an approximate doubling in molar absorptivity. Both these observations point to efficient electronic conjugation across the entire organometallic chromophore. Upon oxidation to the dication 1 2+ the 390 nm band of 1 decreases in intensity and is gradually replaced by intense, broad absorptions that extend over the low-energy part of the optical spectrum and the near-IR. Distinct maxima are observed at 8400, 13 680, and 15 080 cm -1 (Figure 2 ). The intermediate radical monocation, while not separately detected in this regime, gives rise to a characteristic absorption at about 4730 cm -1 which intensifies during the initial stages of the electrolysis and then gradually disappears, while the absorption bands of 1 2+ continue to grow (Supporting Information, Figure S6 ). Further oxidation with slow scanning through the second wave generates the tetracation 1
4+
. It is another strongly absorbing species with peak maxima at 11 610, 14 870, and 17 660 cm -1 and thus has energies distinctly higher than those of the corresponding dication but considerably lower energies in comparison to those (6) All synthetic work was performed with dry solvents under a dry nitrogen atmosphere. Synthesis of 1: a solution of 97 mg (0.227 mmol) of tetrakis(4-ethynylphenyl)ethene in 10 mL of CH2Cl2 was added dropwise with stirring to a solution of 450 mg (0.926 mmol) of [HRu(CO)Cl(PiPr 3)2] in 10 mL of CH 2Cl2. After addition was complete, the solution was concentrated to 1.5 mL under vacuum and 25 mL of methanol was added. The resulting red solid was isolated by filtration, washed with three 5 mL portions of methanol, and dried under vacuum to give 457 mg (0.192 Chart 1 of neutral 1 (Figure 2 ). The intermediate trication 1 3+ is also observed by virtue of a low-energy absorption at 5060 cm -1 at the border of the near-IR and mid-IR regions (Supporting Information, Figure S7 ). Stepwise reduction at any stage restored neutral 1 such that the 1 a 1 2+ a 1 4+ redox system constitutes a reversible cycle. The stepwise oxidation of mainly the bridging ligand makes 1 a strongly chromophoric organometallic violene/ cyanine hybrid 17 with a delocalized π system and a large number of closely spaced occupied energy levels below the HOMO.
Quantum chemical density functional (DFT) calculations on the simplified PH 3 -substituted model 1′ were conducted in order to understand the structural, electronic, and spectroscopic properties and their dependence on the overall oxidation state. [18] [19] [20] [21] [22] Stepwise oxidation of tetraarylethenes to their dications induces a large torsion of the Ar 2 C moieties around the central CC bond, a coplanar arrangement of at least one aryl ring with the plane defined by the central carbon and the attached ipso carbon atoms of each CAr 2 subunit, and quinoidal distortion of the aryl subsituents. 23,24 DFT-optimized structures of model complex 1′ and its various oxidized forms (Supporting Information, Figure S8 and Table S2 ). The calculations on 1′ 2+ also indicate that the geminally disposed styryl moieties A and B on one hand and C and D on the other hand are pairwise equivalent but different from the other pair (Supporting Information, Figure S8 ). This suggests that the geminal delocalization pathway is the most efficient one. Figure 3 shows that the highest occupied molecular orbital (HOMO) of 1′ is delocalized across the π system of the bridging ligand with smaller contributions from Ru 4d xz orbitals (12%). The closely lying HOMO-1, HOMO-2, and HOMO-3 orbitals have negligible contributions from the central ethylene group and are mainly composed of the styryl π orbitals with overall Ru contributions of 28, 30, and 36%, respectively. The LUMO of 1 is an antibonding combination of π orbitals of the bridging ligand (6% Ru) (Supporting Information, Figure S9 ).
TD DFT calculations on 1 2+ retrace the main features of the experimental electronic spectrum well, although transition energies are somewhat overestimated (Supporting Information, Figure S10 ). Intense low-energy transitions b 1 A and c 1 A correspond mainly to the excitations HOMO f LUMO and HOMO-2 f LUMO of 1 2+ , respectively. The composite lowenergy band can thus be characterized as involving both π f π* and MLCT components. Communications Organometallics, Vol. 27, No. 14, 2008 3323 
